Amidoximated wood sawdust (Am-WS) and wood flour (Am-WF) were prepared using the same procedure as described recently for amidoximated cellulose (Am-Cell). The modified supports thus obtained were characterized by IR, TGA and DSC methods. In comparison to the untreated material, such treatment led to a considerable increase in adsorption capacity towards heavy metal ions from aqueous solution. The quantity adsorbed increased with pH, initial metal ion concentration and immersion time. The formation of a 1:1 complex between the amidoxime group and Cu(II), Cr(III) and Cd(II) ions and a 2:1 complex with the Ni(II) ion was demonstrated by the adsorption limit values. Overall, Am-WS and Am-WF exhibited similar behaviour to Am-Cell and are suitable for the treatment of wastewaters containing heavy metal ions.
INTRODUCTION
The increasing contamination of urban and industrial wastewaters by heavy metal ions is a worrying environmental problem. Such feeds have to be treated in order to lower their levels of polluting agents to an admissible value before being discharged into receiving streams (Bara 1988) . Many methods have been reported for the treatment of such effluents, but these either have technical or economical limitations except for the case of adsorption onto low-cost supports. Various materials of organic origin subjected to chemical modification have been proposed in recent works dealing with purification of aqueous solutions containing heavy metal ions. These include chitin/chitosan particles (Mitani et al. 1995; Bassi et al. 1999; Yang and Shao 2000) , lignocellulosic matter (Nakamura and Sanada 1997; Bin Yu et al. 2000 Martin-Dupont et al. 2002; Saliba et al. 2000 Saliba et al. , 2001 Saliba et al. , 2002a , carbonized vegetal wastes (Namasivayam et al. 1997; Kadirvelu et al. 2001; Ricordel et al. 2001 ) and vegetal or animal biomass (Ho et al. 1996; Brown et al. 2001; Stirk and Van Staden 2001; Ahuja et al. 2001; Seki and Suzuki 2002) .
In previous works (Saliba et al. 2000 (Saliba et al. , 2001 (Saliba et al. , 2002b , amidoximated cellulose was studied as a scavenger for heavy metal ions and demonstrated an interesting adsorption efficiency. In the present work, the amidoximation of wood (sawdust and flour) -a cheap and abundant raw material -has been performed using the same procedure and the resulting supports employed for the immobilization of heavy metal ions such as Cu(II), Cr(III), Cd(II) and Ni(II). Desorption of these cations by complexation with the sodium salt of ethylenediaminetetra-acetic acid (EDTA) and recycling of the supports was tested to determine their scope as potential cation exchangers.
Preparation of the amidoximated supports
The wood sawdust and wood flour were subjected to repeated Soxhlet extraction with an ethanol-acetone mixture (1:2; v/v) followed by washing with distilled water and drying at 105°C to constant weight. Am-WS and Am-WF were obtained via two steps as described previously for amidoximated cellulose (Saliba et al. 2000) , viz. (i) cyanoethylation, which involves treating wood sawdust and wood flour at ambient temperature for 1 h with acrylonitrile in an alkaline medium in the presence of tetramethylammonium chloride as a swelling agent to give cyanoethylated sawdust (CE-WS) and cyanoethylated wood flour (CE-WF); (ii) amidoximation, which involves treatment of the cyanoethylated supports with an aqueous solution of hydroxylamine (10 wt%) at 70°C over 2 h. The amidoxime group contents, C a (mmol/g), as obtained from elemental nitrogen analysis results (Saliba et al. 2000) , are listed in Table 1 .
Thermal stability of the lignocellulosic derivatives
To test the thermal stability of the supports obtained, thermogravimetic analysis (TGA) and differential scanning calorimetry (DSC) measurements were performed on the initial material, the Saliba et al. (2000) . cyanoethylated and the amidoximated derivatives. The TGA thermograms were obtained on a TG 2950 apparatus (TA Instruments) over the temperature range 25-550°C at a heating rate of 10°C/min under helium. Similarly, the DSC thermograms were measured using a TA 2920 apparatus (TA Instruments) over the temperature range 25-400°C at a heating rate of 10°C/min under nitrogen.
Metal ion adsorption and desorption
Adsorption studies were undertaken using batch procedures in which the amidoximated support (0.1 g) was immersed in 10 ml of the buffered metal chloride solution at a temperature maintained in the range 16-20°C. After a known time, the support was removed by filtration and the amount of metal ion remaining in solution determined either by spectrometric titration using an Uvikon 941+ spectrometer or by atomic absorption spectroscopy performed on an AA 3110 Perkin-Elmer instrument. Desorption experiments were performed employing a sample of Am-WS (0.1 g) with various loads of adsorbed metal ions. The Am-WS sample was treated with 4 ml of an EDTA solution (5 × 10 −2 M) over a period of 24 h and then removed by filtration. The desorbed ions in the filtrate were determined as above.
RESULTS AND DISCUSSION

Characterization of the modified supports
Infrared spectrometry
It will be seen from Figure 1 that the spectra of the cyanoethylated (CE-WF) and amidoximated (Am-WF) supports presented new bands relative to the spectrum of the untreated material (WF) which were due to the functional groups present in the wood derivatives. Thus, in the case of CE-WF [ Figure 1 (b)], C≡N bond stretching appears at 2252 cm −1 while the spectrum of Am-WF [ Figure 1 (c)] displays two new bands at 1661 cm −1 and 917 cm −1 corresponding to C=N and N-OH stretching vibrations, respectively. In addition, a considerable decrease in the absorbance at 2252 cm −1 occurred.
Thermogravimetric analysis
Table 2 provides a resumé of the different phenomena observed during the thermal treatment of sawdust and its derivatives. The behaviour exhibited was quite similar to that determined for pure cellulose (Cell), cyanoethylated cellulose (CE-Cell) and amidoximated cellulose (Am-Cell) (Saliba et al. 2001 ) other than (i) degradation of wood sawdust began at a lower temperature [250°C; Figure 2 
Differential scanning calorimetry
The thermograms of WS, CE-WS and Am-WS depicted in Figure 3 are also very similar to those obtained for cellulose and its derivatives (Saliba et al. 2001) . Thus, (i) the endothermic peaks for the three supports in the temperature range 50-110°C correspond to the evaporation of water; (ii) the peaks between 160°C and 220°C are endothermic for CE-WS and exothermic for Am-WS [according to the TGA thermograms, endothermic peaks are mainly attributed to a retro-Michael reaction (release of acrylonitrile) while exothermic peaks correspond to the degradation of amidoxime groups]; and (iii) the peaks in the 250-330°C range correspond to the degradation of CE-WS and wood (endothermic) and to the degradation of Am-WS (exothermic). 316 R. Saliba et al./Adsorption Science & Technology Vol. 23 No. 4 The sole difference with the results for cellulosic supports is the appearance of a small endotherm at 140°C for CE-WS which can be attributed to the melting of cyanoethylated moities (Hon and Luis 1989).
Factors affecting the adsorption of metal ions
In contrast to pure cellulose, the untreated wood sawdust and wood flour adsorbed heavy metal ions due to the presence of phenolic moities in their structure. Nevertheless, the extent of such adsorption increased considerably after amidoximation.
Effect of pH value
Because of the protonation of the amino groups at pH values of 3.0 or less, either none or very low adsorption of metal ions occurred on both wood sawdust and wood flour. In a medium with lower acidity, adsorption increased with pH value with very similar curves being obtained for Am-WS and Am-WF (Figure 4) . Of the various cations tested, the supports generally exhibited a higher affinity for the chromium ion.
Effect of initial metal ion concentration
When the metal ion concentration increased, adsorption by the substrate from the solution increased and then levelled off at a concentration of ca. 5 × 10 −2 M (Figure 5 ). At equilibrium, the amount adsorbed, q a (mmol/g), of Cu(II), Cr(III) and Cd(II) ions was higher than the amidoxime group content, C a . This is due to the presence of additional adsorption sites, i.e. the phenolic groups of lignin, with the difference between the quantity adsorbed and the amidoxime group content corresponding to the quantity of metal ions adsorbed by the untreated support. All these indications enabled an estimate to be made of the structure of the metal complexes formed: a complex with a 1:1 stoichiometry is generated between Cu(II), Cr(III), Cd(II) ions and the amidoxime 318 R. Saliba et al./Adsorption Science & Technology Vol. 23 No. 4 2005 group, while a 2:1 complex is obtained with Ni(II) ions. These results are in good agreement with those obtained in the case of Am-Cell (Saliba et al. 2000 (Saliba et al. , 2001 . Finally, it should be noted that the adsorption capacities of the amidoximated supports studied in this work towards the four metal ions examined are comparable to (and sometimes higher than) the highest values observed with various modified lignocelluloses as recorded in the literature (Saliba 2000) and listed in Table 3 .
Effect of immersion time
The kinetics of adsorption of the various metal ions were studied at a concentration of 10 −2 M, i.e. before all the amidoxime groups had been saturated ( Figure 6 ). It will be noted that the adsorption kinetics of cations onto wood flour was greater than onto wood sawdust. Thus, equilibrium was reached after 10 h for the Am-WF/Cu(II) system compared to 24 h for the Am-WS/Cu(II) system. This behaviour may be related to the higher specific surface area of WF which increased the rate of ion diffusion. An attempt was made to describe the kinetics of the adsorption processes via the Lagergren equation which assumes a first-order rate process (Singh et al. 1989 ). However, a linear plot with a high correlation coefficient could only be obtained in the case of Cr(III) ions, leading to an adsorption rate constant of 1.17 × 10 −2 min −1 onto Am-WS. This result is in accordance with those of previous studies (Saliba et al. 2001 ) where a model support, i.e. amidoximated cellulose powder, was employed and where linear plots were obtained for all four metal ion studied with a rate constant of 1.10 × 10 −2 min −1 for the Cr(III) ion. Table 4 lists the percentage desorption by EDTA solution of Am-WS loaded with various quantities of metal ions. Nearly total desorption was achieved, with ca. 90% or more of the metal ions being desorbed for loads corresponding to saturation. An overall concentration factor of ca. 2.5 could be obtained between the initial polluted solution and the liquors resulting from EDTA desorption experiments. Table 5 shows the results of adsorption/desorption cycles for Am-WS at loadings below the saturation level. It will be seen that, in the case of the Cu(II) ion, the adsorption capacity remained the same even after five desorption/re-adsorption cycles. For all four metal ions studied, the regeneration of Am-WS after several such cycles always appears very efficient.
Desorption/re-adsorption of metal ions
CONCLUSIONS
Wood sawdust and wood flour are readily converted into amidoximated derivatives. Such supports provide suitable adsorbents for heavy metal ions present in aqueous solution. At saturation 320 R. Saliba et al./Adsorption Science & Technology Vol. 23 No. 4 adsorption capacity, amidoxime groups form 1:1 complexes with Cu(II), Cr(III) and Cd(II) ions and a 2:1 complex with Ni(II) ions. Desorption of metal ions from the loaded Am-WS and Am-WF supports occurs on stirring with EDTA solution, with several successive adsorption/desorption cycles being possible without any significant change in the adsorption capacity of the support.
Due to the low cost of wood sawdust and wood flour together with their ease of disposal, their use as adsorbents for the removal of heavy metal ions from industrial wastewaters seems promising.
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